INTRODUCTION
The long-lasting trace of an experience is not completely fixed nor consolidated at the time of the experience [1 -3] . Consolidation requires time to reorganize the memory traces so that they become more stable. An understanding of memory requires the comprehension of the time-dependence of storage processes. In humans, there is evidence that this process of reorganization can take several hours, and subjects' performance in non-declarative and declarative memory tasks can improve substantially after delays of 8 h or more [3 -5] . Research on memory in great apes has mainly focused on the type of information that can be retrieved and for how long it can be remembered [6, 7] . Great apes are able to remember information (i.e. food locations) for intervals shorter than 30 min and longer than 24 h. However, not much research has focused on how great apes' memory traces evolve within 24 h after encoding. We addressed this question in experiment 1.
EXPERIMENT 1: THE ROLE OF TIME (I) (a) Material and methods
We tested five chimpanzees, three bonobos and one orangutan in a memory task that consisted of remembering the location of a food reward placed under one of three cups on a platform after one of four different retention intervals (RIs: 2 min, 1, 2 and 24 h). After baiting had taken place, subjects left the testing room and were involved in other activities. Food retrieval took place after the RI had elapsed and subjects returned to the testing room (see the electronic supplementary material for details).
(b) Results and discussion Apes performed unevenly across RIs (Friedman test, x 2 3 ¼ 17:32, p ¼ 0.001, n ¼ 9; figure 1 ). Wilcoxon post hoc tests revealed that subjects' performance was significantly better after 2 min than 1 
Experiment 1 established that subjects' performance in the 1 and 2 h RIs deteriorated substantially. However, their performance in the 24 h RI recovered to levels comparable to the 2 min RI. This means that memories were not lost but became temporarily inaccessible. These data, however, are silent regarding the contribution of sleep [4, 8, 9] or temporal gradient [1, 2, 5, 10] in memory consolidation. Experiment 2 further investigated the temporal gradient of memory recovery.
EXPERIMENT 2: THE ROLE OF TIME (II) (a) Material and methods
We tested four bonobos and four orangutans in the same task as in experiment 1 using 2, 4, 8 and 24 h as RIs (table 1) . Subjects always left the testing room after the baiting took place. Additionally, we recorded whether subjects slept during the 8 h RI (see the electronic supplementary material for details).
(b) Results and discussion Apes remembered the baited location significantly better than chance in the 24 h RI (Wilcoxon test: z ¼ 2.59, p ¼ 0.009, n ¼ 8; figure 1 ), but not in the other RIs (Wilcoxon tests: z , 1.42, p . 0.14, n ¼ 8, in all cases). However, it appeared that apes' performance improved with time because the 24 h RI did not significantly differ from the 8 h RI (Wilcoxon test: z ¼ 1.91, p ¼ 0.055, n ¼ 8), but it still significantly differed from the 2 and 4 h RIs (Wilcoxon tests: z . 2.03, p , 0.05, n ¼ 8, in both cases). We only recorded one occurrence in which one subject, Bimbo, lay down for more than 20 min with its eyes closed. Two other subjects closed their eyes for periods shorter than 1 min on less than five occasions on different days. Therefore, we can attribute the apparent improvement to the passage of time in the absence of sleep. Additionally, extrapolating the gain in performance between the 4 and the 8 h RIs (3% gain per hour) could explain the performance in the 24 h RI.
Nevertheless, sleep may have some beneficial effects. Research on sleep deprivation in rodents has shown that sleep benefits memory consolidation [11] [12] [13] . Studies with humans showed that sleep, compared with wakefulness, actively improved subjects' performance [8, 9] and can shelter memory from interference during wakefulness [8, 14] . Experiment 3 investigated the role of sleep and interference on memory consolidation. If sleep only prevents interference from happening, memories after a period of sleep should still be vulnerable to interference. However, if sleep can also play a protective role, memories after sleep should be more resistant to interference. Additionally, it tested whether subjects who slept remembered better than those who did not sleep.
EXPERIMENT 3: THE ROLE OF SLEEP AND INTERFERENCE (a) Material and methods
We tested three bonobos and four orangutans in the same task used in the previous experiments using a 12 h RI (table 1) . We administered trials in two periods-day (start: 07.00 h; end: 19.00 h) and night (start: 19.00 h; end: 07.00 h). We presented subjects with three conditions: no interference, early interference (subjects received an interference task trial 2 min after the baiting event) and late interference (subjects received an interference task trial 2 min before the retrieval event; see the electronic supplementary material for details). Focusing on the interference task trials revealed that subjects performed above chance levels in both night (t (6) ¼ 7.07, p , 0.001) and day (t (6) ¼ 7.77, p , 0.001) late interference task trials, which is consistent with our previous findings from the 2 min trials of experiment 1. In early interference trials, subjects performed above chance levels in night interference task trials (t (6) ¼ 4.53, p ¼ 0.004) but not in day interference task trials (t (6) ¼ 1.18, p ¼ 0.279). Again, these data are consistent with the results of the test trials. Experiment 3 provided additional support for the idea that time alone, without sleep, improved memory retrieval as shown by the subjects' success in the no interference condition during the day period. An analysis based on the data from figure 1 confirmed that time (RI) predicted performance with great accuracy (
.767 p t þ 113.300; see the electronic supplementary material, figure S3) . Indeed, subjects' retrieval accuracy was significantly better in the 12 h RI than the 2 h RI (Wilcoxon test: z ¼ 2.04, p ¼ 0.041, n ¼ 6). Furthermore, results from the late interference trials in the night period established that sleep actively strengthened apes' memories by rendering them resistant to interference.
GENERAL DISCUSSION
We found strong evidence that time and sleep play a crucial role in memory processing in great apes. Although there is evidence showing time-dependent processes in memory storage in rodents [15, 16] , most of these studies have either not shown the existence of a temporal gradient [17] or when they have shown the gradient [18, 19] , alternative explanations such as state-dependent memory or development of fear have not been ruled out [20, 21] . In contrast, the observed U-shaped distribution of retrieval accuracy as a function of time in apes (figure 1) is difficult to explain by invoking either contextual or motivational factors. A mechanism like state-dependent memory, i.e. cues present at the time of encoding that later on trigger retrieval [22] , could explain the high accuracy in the 24 h RI, but it cannot explain the interim decrease in retrieval accuracy. Similarly, time-of-day effects could explain the subjects' performance in the 24 h RI, but cannot explain why subjects' performance in the no interference condition did not differ between day and night periods. Results from the late interference task during the day trials and early interference task during the night trials also show that subjects remembered the location of the food, which indicates that time of the day cannot explain subjects' worse performance in the day trials. Additionally, subjects' better performance in the 12 h RI compared with the 2 h RI also rules out that explanation. Motivational states (i.e. hunger) throughout the day also fail to explain the differential performance between interference and non-interference trials. Moreover, the motivation hypothesis predicts that subjects should have performed best in the 4 and 8 h RI because these trials took place right before apes' main feeding times. But this was not the case. Finally, seeing the boxes during an extended time period prior to the test may have helped subjects improve their performance in the 24 h RI (experiment 1). However, this explanation cannot account for subjects' performance after 8 and 12 h RIs because they had no visual access to the boxes prior to the test.
Most studies on ape memory have used shorter or longer RIs than the ones presented here [6, 7] , which means that they could have potentially missed the temporal window when information was inaccessible. A study using the same procedure as the one reported here showed that apes did remember the location of a reward after 1 or 2 h RIs [23] . However, unlike the subjects tested here, those subjects remained in the testing room during the RI, which may have minimized interference by other activities in making memories temporarily inaccessible [9, 24] . Although the effect of engaging in other activities during the RI on memory retrieval has been tested before in insects and rodents, studies have found conflicting results [25, 26] and none of these studies has reported a recovery after 24 h. Memory processing in great apes G. Martin-Ordas & J. Call 831 Experiment 3 showed that sleep both facilitated the recovery of memories whose retrieval was disrupted before sleep and rendered memories resistant to interference. Therefore, we argue that, as in humans, sleep played an active role in great apes' memories by facilitating consolidation [8, 14, 24] . The lack of interfering activities during sleep alone cannot explain our results because subjects also performed well in the no interference condition during the day period.
We conclude that, following the encoding of the food location, there is a phase of several hours during which the memory trace is vulnerable to interference from other unrelated activities such that it thus becomes temporarily inaccessible. Poor memory retrieval can be ameliorated either by the reduction of unrelated activities during the RI or the mere passage of time. This study also suggested that sleep was involved in great apes' memory consolidation. Sleep not only made memory more resistant to the detrimental effects of interference during wakefulness but also protected memories from interference during the subsequent day.
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